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ABSTRACT 
The primary i n t e r e s t  v e h i c l e  des igners  and advanced mission 
planners  have i n  s o l a r  f l a r e s  is the p r o b a b i l i t y  of occurrence of a 
damaging f l a r e .  Obviously then, one must de f ine  exac t ly  what is a 
damaging f l a r e .  An environmental model of a " typica l"  f l a r e  is  con­
s t r u c t e d  he re in ,  and the  p r o b a b i l i t y  of occurrence of t h i s  o r  a s i m i l a r  
f l a r e  is  considered. The next  s t e p  is t o  then  d e r i v e  a n  "extreme" model 
s o l a r  f l a r e  s o  that the  e f f e c t s  of such a f l a r e  on occupants of a nomi­
n a l l y  sh i e lded  v e h i c l e  may be der ived.  Since t h i s  r e p o r t  is intended 
t o  p re sen t  only the  environmental model, no a t tempt  has been made t o  
e s t ima te  the dose accrued f o r  e i t h e r  type f l a r e  nor have any s h i e l d i n g  
ca 1cula  t ions been performed . 
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SUMMARY 
The primary i n t e r e s t  v e h i c l e  des igners  and advanced mission 
planners  have i n  s o l a r  f l a r e s  is the  p r o b a b i l i t y  of occurr2nce of a 
damaging f l a r e .  Obviously then, one must de f ine  exac t ly  what is a 
damaging f l a r e .  An environmental model of a " typica l"  f l a r e  is  con­
s t r u c t e d  he re in ,  and the  p r o b a b i l i t y  of occurrence of t h i s  o r  a s i m i l a r  
f l a r e  is considered. The next  s t e p  is  t o  then de r ive  an  "extreme" model 
s o l a r  f l a r e  s o  t h a t  the  e f f e c t s  of such a f l a r e  on occupants of a nomi­
n a l l y  sh ie lded  v e h i c l e  may be der ived.  Since t h i s  r e p o r t  is  intended 
t o  p re sen t  only the  environmental model, no a t tempt  has been made t o  
es t imate  the  dose accrued f o r  e i t h e r  type f l a r e  nor have any sh ie ld ing  
ca l cu la t ions  been performed. 
I. INTRODUCTION 
A d e s c r i p t i o n  of the s o l a r  f l a r e  environment has been presented by 
the au thor  i n  a n  e a r l i e r  paper [ 2 ] ,  and w i l l  n o t  be reviewed i n  d e t a i l  
here .  A few rev i s ions  t o  the  "extreme" model f l a r e  have been made which 
w i l l  be discussed l a t e r .  The p r o b a b i l i t y  of the occurrence of a s o l a r  
f l a r e  is  based upon the  binomial l a w .  I f  p1 i s  the p r o b a b i l i t y  of occur­
rence of a s o l a r  f l a r e  per day and q1 i s  the p r o b a b i l i t y  of a s o l a r  f l a r e  
not  occurr ing per day, then 
o r  
For a mission l a s t i n g  n days, t he  p r o b a b i l i t y ,  Pn, of the occurrence of 
cqe o r  more such f l a r e s  is  der ived by 
This was t he  method used t o  c a l c u l a t e  t he  p r o b a b i l i t i e s  i n  t h i s  
r epor t .  The d a t a  used were b a s i c a l l y  those of Webber [I] f o r  the  per iod  
1956-1961. No s p e c i a l  ca l cu la t ions  were performed t o  show that the  f l a r e s  
tend t o  "group" i n  time as evidenced by the  J u l y  1959 s e r i e s ,  nor was any 
a t tempt  made t o  inc lude  the  time per iod of the dea r th  of f l a r e s  during 
sunspot  minimum. The l ack  of s o l a r  f l a r e s  a t  sunspot  minimum i s  w e l l  
known, b u t  t he  problem l i e s  i n  spec i fy ing  exac t ly  how long t h i s  minimum 
w i l l  l a s t .  The p a s t  sunspot  minimum appears t o  i n d i c a t e  a s a f e  per iod 
( for  l i g h t l y  sh ie lded  v e h i c l e s )  of about  four  years  beginning i n  1962 
and extending through 1965, bu t  t o  apply  t h i s  s a f e  period t o  the next  
s o l a r  minimum would probably not  be wise.  
A reasonable  assumption might be t o  des igna te  a two-year per iod 
centered on sunspot  minimum as a s a f e  time zone f o r  l i g h t l y  sh ie lded  
veh ic l e s .  Since missions t o  Mars and Venus a r e  not  expected t o  take 
much over two years ,  sunspot  minimum is the most favorable  time per iod 
from a s o l a r  f l a r e  viewpoint.  Unfortunately,  launch windows f o r  t hese  
missions do not  n e c e s s a r i l y  correspond t o  favorable  time per iods f o r  
s o l a r  f l a r e s .  Whereas launch windows a r e  p red ic t ab le ,  s o l a r  cycles  a r e  
not .  
In  view of the  severe  f l a r e  model used and the  time per iod con­
s ide red ,  these  r e s u l t s  a r e  probably conservat ive,  b u t  neve r the l e s s ,  they 
r ep resen t  reasonable  c r i t e r i a  f o r  v e h i c l e  design and mission s tud ie s .  
11. DESIGN FLARE MODEL 
A few minor r ev i s ions  have been made from the  model f l a r e  presented 
i n  the  e a r l i e r  paper [2] .  Where, p rev ious ly ,  the f l u x  of p a r t i c l e s  above 
a c e r t a i n  energy w a s  the  h ighes t  recorded f o r  ind iv idua l  f l a r e s ,  the f l u x  
i n  t h i s  r e p o r t  includes the  sums of the s e r i e s  of f l a r e s  recorded i n  
J u l y  1959. Thus, i n s t ead  of a f l u x  of 7 .5  x lo9  (cm-2) wi th  ener  i e s  
above 10 MeV, the  maximum p a r t i c l e s  above 10 Mev is now 1.5 x 101% ( C ~ I - ~ ) .  
I n  a d d i t i o n ,  s i n c e  the February 1956 f l a r e  holds  up ou t  t o  very  high 
energ ies ,  the energy spectrum f o r  p a r t i c l e s  over 100 Mev is  f i t t e d  t o  
that f l a r e  spectrum. Using t h i s  spectrum, we f i n d  that t h e r e  a r e  s t i l l  
about  1.3 x lo8  (cm-2) p a r t i c l e s  whose energ ies  a r e  equal t o  o r  exceed 
300 MeV. Since the  spectrum is s o  hard,  one should expect t h a t  these  
p a r t i c l e s  w i l l  be exceedingly d i f f i c u l t  t o  s h i e l d  aga ins t .  Figure 1 
shows t h i s  extreme f l a r e  model. 
Figure 2 shows the f l u x  of p a r t i c l e s  (with energ ies  g r e a t e r  than 
30 MeV) per  month throughout the  per iod 1956-1961. One must keep i n  
mind t h a t  the p a r t i c l e s  from these f l a r e s  were inc iden t  a t  t he  e a r t h ,  
and were thus recorded. The dashed curve i n  Figure 2 is the  mean monthly 
s o l a r  f l u x  recorded a t  the  Nat ional  Research Council i n  O t t a w a ,  Canada. 
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Although during t h i s  per iod mean monthly s o l a r  f l u x  values  vary  widely,  
the  form of the  curve is  e a s i l y  d i s c e r n i b l e .  Both t h e  months of Ju ly  
1959 and November 1960 i n d i c a t e  the  occurrence of exceedingly l a r g e  
f l a r e s .  I n  J u l y  1959 the re  were th ree  excep t iona l ly  l a r g e  f l a r e s ,  and 
i n  November 1960 the re  were two very  l a r g e  f l a r e s .  By comparison, the  
February 1956 f l a r e  appears t o  be only one of t h ree  moderately l a r g e  
f l a r e s .  However, the  energy spectrum f o r  t h i s  f l a r e  i s  much harder  o r  
f l a t t e r  than any o the r  l a r g e  f l a r e .  A s  a r e s u l t ,  t h i s  February 1956 
f l a r e  has more p a r t i c l e s  w i th  energ ies  exceeding 100 Mev than any o the r  
f l a r e  on record.  
The design model f l a r e  is  shown i n  Figure 3 .  This model w a s  con­
s t r u c t e d  by assuming an envelope which exceeded the f lux-energy s p e c t r a  
of a l l  b u t  t h i r t e e n  f l a r e s  recorded. Thi r teen  were chosen f o r  s eve ra l  
reasons.  F i r s t ,  the  p r o b a b i l i t y  of occurrence of t h i s  type of f l a r e  i s  
not  extremely s t e e p  over r e l a t i v e l y  long mission lengths .  Second, sh i e ld ­
ing f o r  t h i s  f l a r e  spectrum w i l l  probably prove reasonable  f o r  most m i s ­
s ions .  Third,  the high energy spectrum tends t o  be reasonably hard,  thus 
providing the  conservatism necessary i n  spec i fy ing  a s o l a r  f l a r e  model. 
Figure 4 i s  a graph of the  p r o b a b i l i t y  of occurrence of a f l a r e  equal t o  
o r  g r e a t e r  than t h i s  f l u x  energy spectrum during an extramagnetospheric 
m i s s  ion  l a s t i n g  n days. 
111. MISSION CONSIDERATIONS 
When should the  s o l a r  f l a r e  be considered i n  mission planning? 
Although veh ic l e s  i n  low e a r t h  o r b i t s  which have i n c l i n a t i o n s  l e s s  than 
about  55 degrees w i l l  probably never have t o  consider  the s o l a r  f l a r e  as 
a d i r e c t  r a d i a t i o n  hazard,  t he re  a r e  e f f e c t s  caused by the s o l a r  f l a r e  
which w i l l  be of concern t o  even low e a r t h  o r b i t i n g  veh ic l e s .  These 
e f f e c t s  inc lude  the  enhancement and ex tens ion  of the Van Al len  r a d i a t i o n  
zones. 
Lunar missions m u s t  c e r t a i n l y  consider  s o l a r  f l a r e  r a d i a t i o n .  The 
lunar  su r face  i s  no t  pro tec ted  by an  ex tens ive  atmosphere which could 
absorb the incoming p a r t i c l e s  nor is i t  pro tec ted  by an apprec iab le  
magnetic f i e l d  which could d e f l e c t  incoming p a r t i c l e s .  It is probable 
that: the  lunar  s u r f a c e  w i l l  be subjec ted  t o  about  the  same atmosphere 
environment as t h a t  found i n  i n t e r p l a n e t a r y  space.  It is poss ib l e  t h a t  
some measurable atmosphere e x i s t s ,  b u t  t h i s  atmosphere would be extremely 




The moon i t s e l f  would o f f e r  some sh ie ld ing  a t  a g iven  s i t e  depend­
ing on the  sun-moon-site angle  and the  angle  subtended by the  lunar  su r ­
f ace  i t s e l f .  
Since i n t e r p l a n e t a r y  missions w i l l  be subjec ted  t o  the d i r e c t  r ad ia ­
t i o n  of the s o l a r  f l a r e ,  ways must be found t o  reduce the  r a d i a t i o n  dose 
as much as poss ib le .  It has been suggested t h a t  a small bu t  heav i ly  
sh ie lded  a r e a  be included where personnel could remain during the  occur­
rence of l a r g e  s o l a r  f l a r e s .  This might a l s o  se rve  as a s l eep ing  a r e a  
f o r  these  a s t ronau t s .  Another p o s s i b i l i t y  is t h a t  i n t e r p l a n e t a r y  m i s ­
s ions  t r a v e l i n g  a t  d i s t ances  g r e a t e r  than 1 astronomical  u n i t  from the  
sun might encounter a l e s s  severe  f l a r e  environment, because of d i spe r ­
s i o n  and increased loss of energy of the  p a r t i c l e s  themselves. For 
ins tance ,  s i n c e  it is  f a i r l y  c e r t a i n  t h a t  the  s o l a r  cons tan t  varies as 
1/R2 due t o  d i spe r s ion ,  unless  the p a r t i c l e s  a r e  con t ro l l ed  d e c i s i v e l y  
by the  s o l a r  magnetic f i e l d ,  i t  i s  t o  be expected t h a t  s o l a r  f l a r e s  w i l l  
e x h i b i t  t h i s  same r e l a t i o n s h i p .  
It was  mentioned ear l ier  that veh ic l e s  i n  low e a r t h  o r b i t  and a t  
low i n c l i n a t i o n s  would no t  be subjec ted  t o  the  d i r e c t  s o l a r  f l a r e  eaviron­
ment. Vehicles i n  po la r  o r  near po lar  o r b i t s  w i l l ,  however, spend some 
time ou t s ide  the p ro tec t ion  of the  magnetic f i e l d .  Near the  magnetic 
po les ,  the l i n e s  of  f o r s e  a r e  approaching perpendicular  t o  the  e a r t h ' s  
su r f ace ;  thus ,  the  0 x B term i n  the  fo rce  equat ion approaches zero and 
the  p a r t i c l e s  a r e  allowed t o  flow i n  uninhib i ted  by the  magnetic f i e l d .  
For t h i s  reason,  manned veh ic l e s  i n  po la r  o r b i t  should have e i t h e r  a 
we l l  def ined a b o r t  c a p a b i l i t y  o r  s u f f i c i e n t  sh i e ld ing  t o  reduce the  dose 
t o  acceptab le  l i m i t s .  The acceptab le  dose c r i t e r i a  here  should a l s o  be 
more s t r i c t  s i n c e  terminat ion is  poss ib l e  f o r  t h i s  type of mission. 
The f i n a l  type of mission which w i l l  r e q u i r e  cons idera t ion  of the  
s o l a r  f l a r e  as a r a d i a t i o n  hazard is the  h igh  a l t i t u d e  e a r t h  o r b i t a l  
mission. The geomagnetic f i e l d  boundary is determined by the  energy 
of the s o l a r  wind being balanced by the  magnetic f i e l d  energy. When a 
s o l a r  f l a r e  occurs ,  t he  s o l a r  wind energy i s  enhanced and the  geomagnetic 
f i e l d  boundary then is de f l a t ed .  Another way of looking a t  the problem 
is t o  consider  t he  r i g i d i t y  of the  s o l a r  f l a r e  p a r t i c l e s .  R ig id i ty ,  P, 
is  given by 
P =  pc 
'ze 
where 
p = p a r t i c l e s  momentum, 
c = speed of l i g h t ,  
4 
e = charge on a n  e l e c t r o n ,  and 
z = t he  atomic number of the  p a r t i c l e s .  
The d i s t a n c e  a p a r t i c l e  can p e n e t r a t e  i n t o  the  magnetic f i e l d  i s  
d i r e c t l y  propor t iona l  t o  the  r i g i d i t y  of the  p a r t i c l e s .  The cutof f  
r i g i d i t y ,  Pc, f o r  p a r t i c l e s  is  a func t ion  of t he  magnetic f i e l d  i t s e l f .  
Pc = 14,900 cos 4A i n  m i l l i o n  v o l t s  , 
where A is the  geomagnetic l a t i t u d e .  
Pc = 14,900 (R/L)*, 
where R is  the  geocen t r i c  r a d i a l  d i s t ance  t o  the  d ipo le  f i e l d  coordinate ,  
L. 	 Thus, f o r  i n s t ance ,  a s a t e l l i t e  a t  synchronous o r b i t  on the sunward 
s i d e  of the  e a r t h  would be exposed t o  almost a l l  of the higher  energy 
s o l a r  f l a r e  p a r t i c l e s .  
IV. PROBABILITY OF FLARE OCCURRENCE 
For planning missions and f o r  v e h i c l e  design,  i t  is  we l l  t o  know 
the  p r o b a b i l i t y  of occurrence of a p a r t i c u l a r  type of s o l a r  f l a r e .  Fig­
ures  5 and 6 provide t h i s  information f o r  var ious  s i n g l e  f l a r e  p a r t i c l e  
f luxes .  The p r o b a b i l i t y  of occurrence,  p ,  of a t  l e a s t  one f l a r e  wi th  a 
f l u x  equal t o  o r  exceeding N is  given i n  t h e s e  two f i g u r e s .  There is no 
r e l a t i o n  between the  p r o b a b i l i t i e s  and a p a r t i c u l a r  f l a r e  spectrum, b u t  
n o t i c e  t h a t  Figure 5 i s  ca l cu la t ed  f o r  a f l u x  of p a r t i c l e s  wi th  energ ies  
equal t o  o r  exceeding 30 MeV, whereas, Figure 6 is  ca l cu la t ed  f o r  a f l u x  
of p a r t i c l e s  w i th  energ ies  equal  t o  o r  exceeding 100 MeV. From these  
graphs,  one may ob ta in  reasonable  f i g u r e s  f o r  var ious  mission lengths  
versus  p r o b a b i l i t i e s  of occurrence.  
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Figure 1.  Extreme Flare Model 
N (> E )  4.26 x 10” 
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Figure 2. 	 Flux of particles with energies 

equal to or greater than 30 Mev 

from Solar Flares during the last 

l b ,  000 	 solar cycle. These are shown as 
total flux per month of particles 
with energies .equal to or exceeding 
30 MeV. The dashed line is the 
monthly mean value of the solar 
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Figure 3 .  Nominal Design F l a r e  Model 
N (> E)  1.77 x 10l1 E-2.21 
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Figure 4 .  	 Probability of occurrence of a flare during a mission lasting n days whose flux in 










Figure 5.  	 Probability p ,  i n  a mission last ing n days, o f ' t h e  occurrence of one or more 
solar f lares  with flux greater than or equal to  N wi th  energies greater than 
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Figure 6 .  	 Probability p ,  in  a mission lasting n days, of the occurrence of one or 
more f lares  with flux equal to  or greater than N with energies equal to  
or greater than 100 MeV. 
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